Evidence that intake of polyunsaturated fatty acids (PUFAs) may modify blood pressure (BP) is generally limited to middle-aged or hypertensive populations. This study examined cross-sectional associations between BP and dietary intake of PUFAs in 814 adolescents aged 13-15 years participating in the Western Australian Pregnancy Cohort (Raine) Study. Fatty acid intakes were assessed using 3-day diet records and resting BP was determined using multiple oscillometric readings. In multivariate regression models, systolic BP was inversely associated with intakes of polyunsaturated (b ¼ À0.436, Po0.01), omega-3 (b ¼ À2.47, P ¼ 0.02), omega-6 (b ¼ À0.362, P ¼ 0.04) and long chain omega-3 fatty acids (b ¼ À4.37, P ¼ 0.04) in boys. Diastolic BP and mean arterial pressure were inversely associated with intakes of long chain omega-3 fatty acids in boys (b ¼ À3.93, P ¼ 0.01, b ¼ À4.05, P ¼ 0.01, respectively). For specific long-chain omega-3s, significant inverse associations were observed between eicosapentaenoic acid (EPA) and docosahexaenoic acid, such as systolic BP decreasing by 4.7 mm Hg (95% CI -9.3 to À0.1) for a quarter gram increase in EPA, but no significant associations were observed with docosapentaenoic acid. No significant associations were observed in girls, or with the omega-6 to omega-3 ratio. Our results suggest that gender may moderate relationships between fatty acid intake and BP in adolescence.
Introduction
Of all the leading global risk factors, high blood pressure (BP) is the greatest cause of attributable mortality and the third greatest cause of disease burden. 1 Although often asymptomatic, hypertension can contribute to increased risk of many conditions including stroke, heart attack, heart failure and renal disease. It has been suggested that even a short period of hypertension when young can increase hypertension risk in adulthood. 2 Early prevention of high BP is therefore an imperative public health issue around the world. 3 Although it is generally accepted that some dietary factors such as salt intake can modulate BP, the effects of fatty acid intake on BP are less well studied, 4 particularly in younger populations.
Higher intakes of polyunsaturated fatty acids (PUFAs) have been associated with lower BP, and this relationship is thought to be largely because of the omega-3 PUFAs. 5, 6 A meta-analysis of randomised trials found that intake of fish oil high in omega-3 fatty acids may lower BP, especially in older (445 years) and hypertensive subjects. 7 Longchain omega-3 fatty acids in particular have strong anti-inflammatory effects, 8 enhance vascular endothelial function 9 and reduce platelet adhesiveness, 10 which may contribute to a reduced risk of hypertension. Most studies have focused on the two long-chain fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), commonly found in fish oil. Although docosapentaenoic acid (DPA) is an intermediate in the conversion of EPA to DHA, it is uncertain if DPA has similar cardio-protective effects. The derived food sources of these long-chain omega-3s are very different; meat is a major source of DPA, 11 whereas fish and seafood are major sources of EPA and DHA. A further area of interest is the relationship between omega-6 PUFAs and BP, as the relationship between omega-6 fatty acids and cardiovascular risk is controversial. 12 Some researchers recommend decreasing the omega-6 to omega-3 ratio to reduce adverse effects resulting from excess arachidonic acid and its eicosanoid products, such as inflammation. 13 In contrast, there is strong evidence that the substitution of omega-6 rich foods for saturated fats reduces cardiovascular disease risk. 14 It has been noted that public health strategies to prevent hypertension in children and adolescents are urgently required. 15 There is a lack of population-based research that investigates the relationship between BP and fatty acids in adolescents. Data on nutrient intakes and other variables need to be extensive and of high quality to enable detailed reporting of fatty acid intake by individuals, as well as controlled for possible confounders. 16 The Western Australian Pregnancy Cohort (Raine) Study is ideal for investigating these relationships, as it is a large, population-based cohort, with data available on physical, socioeconomic and lifestyle factors. The aim of our study was to examine cross-sectional associations between BP and dietary intakes of PUFAs in adolescents participating in the 14-year follow-up of the Raine Study. We hypothesised that after adjustment for potential confounding factors, systolic, diastolic and mean arterial BP would be inversely associated with dietary omega-3 fatty acids, particularly long-chain omega-3 fatty acids, and positively associated with the ratio of dietary omega-6 to -3 in adolescents.
Methods

Subjects
Women between 16-20 weeks gestation were recruited for the Raine Study through the public antenatal clinic at King Edward Memorial Hospital and private clinics in Perth, Western Australia, from May 1989 to November 1991 (n ¼ 2900). Recruitment details for this longitudinal observational study have been published previously. 17 Of the initial cohort, 2868 live births were available for follow-up, with follow-ups occurring at birth and at ages 1, 2, 3, 5, 8, 10 and 14 years. This study investigates data collected during years [2003] [2004] [2005] [2006] inclusive, at the 14-year follow-up. Assessments were conducted at the Telethon Institute for Child Health Research in Perth, Western Australia. This follow-up was the first to comprehensively assess dietary intake and allow assessment of fatty acid intake. The ethics committees of King Edward Memorial Hospital and Princess Margaret Hospital approved the protocol for all aspects of the study. Each adolescent as well as their parent or guardian provided written consent for participation in the study.
Assessment of dietary intake
Dietary intake was assessed using a 3-day estimated food record, measured in household units. Threeday food records have been shown to be an appropriate method of dietary assessment in a younger population. 18 Each adolescent who agreed to take part in the dietary study and attended their follow-up assessment was provided with a food record booklet with a set of metric cups and spoons, and was given verbal and written instructions. Adolescents completed the food record themselves, however, they were advised to ask for parental support if they were unsure of what items were or how to record them. Adolescents also specified whether each of the 3 days represented their usual dietary intake. To optimise data accuracy, a dietitian checked each food record when it was returned, and clarified any missing or ambiguous data with the adolescent by telephone. 19 The FoodWorks Professional Version 5 dietary analysis program ( Xyris Software (Australia) Pty Ltd, Queensland, Australia) with the Australian Food and Nutrient Database was used to analyse data into energy, macronutrient and fatty acid intakes. To obtain data on specific fatty acids, individual food items were linked to the Fatty Acid Compositional Database, available in FoodWorks. 20, 21 This database includes fatty acid data (g/100 g) for 1044 Australian foods. The database was further customised using updated food composition data available online. 22 As our study focused on PUFAs, investigation of fatty acids included: total omega-3, a-linoleic acid, total long chain omega-3 consisting of EPA, DPA and DHA, EPA, DPA and DHA individually, total omega-6, linoleic acid, arachidonic acid and the ratio of omega-6 to omega-3. The relationship between dietary intake of fatty acids and the fatty acid content of red blood cell (RBC) membrane fatty acid data was also investigated. Collection of the RBC data has been described previously. 23 The fatty acids were expressed as a percentage of the total fatty acids measured (C 14 to C 22 ).
Assessment of BP
The 14-year follow-up included assessment of BP using a Dinamap ProCare 100 Monitor (General Electric HealthCare Technologies, Rydalmere, New South Wales, Australia) with a cuff size appropriate for arm circumference. To give a resting measurement, adolescents sat for 5 min before BP readings were taken. Systolic and diastolic BPs were calculated as the mean of the last five of six readings, taken over a 10 min period. Mean arterial pressure was calculated as the diastolic pressure plus onethird of the pulse pressure.
Potential confounding factors Physical measurements. The adolescent's body weight was measured to the nearest 100 g using a Wedderburn Digital Chair Scale, with adolescents dressed in running shorts and singlet tops. Height was measured to the nearest 0.1 cm with a Holtain Stadiometer. Weight in kilograms divided by height in metres squared gave body mass index (BMI). Puberty was assessed using Tanner stages of pubic hair development; 24, 25 adolescents selected their corresponding developmental stage in a privately completed questionnaire from a set of standard drawings depicting Tanner stages two (sparse) to five (adult) (stage one was omitted as this corresponds to pre-pubescent age younger than 10 years).
Sociodemographic and family characteristics. Maternal age at conception, education level and family income at the 14-year follow-up were obtained by parent report. Maternal age at conception was classified as: o20 years, 20-29 years, or X30 years. Maternal education was assessed by the highest school year completed, with responses grouped as: pgrade 10, grade 11, or grade 12. Current family income, defined as the annual income for the household before tax at the time of the follow-up ($AUD), was grouped as: o$35 000pa, $35 000-70 000pa, or 4$70 000pa. Family history of hypertension was assessed as either yes or no depending on whether a biological parent had been medically diagnosed with hypertension.
Lifestyle factors. To assess physical activity, adolescents estimated how many hours they spent watching television/videos and using computers for school, work and recreation; and how many hours they spent on average outside of school hours participating in physical activity that caused breathlessness or sweating. This information was grouped into five classifications ranging from very sedentary (low exercise, high TV/computer use) to very active (high exercise and low TV/computer screen use).
Statistical analysis
Differences in dietary, BP and anthropometric characteristics between boys and girls were examined using independent samples t-tests, and means and s.d. reported (mean±s.d.). The relationship between dietary fat intake and RBC fatty acid content were assessed with bivariate correlations. Nutrient intakes were adjusted for energy using the residual method. 26 ANOVA and w 2 -tests were used to assess differences in BP and other factors over quartiles of polyunsaturated fat intake for boys and girls combined. Multivariate linear regression models, adjusted for puberty, screen use and physical activity, family income, family history of hypertension, maternal age, maternal education, BMI, energy adjusted dietary fibre, sodium per MJ and energy intake, were used to analyse associations between fatty acids and BP. As boys and girls had significantly different BP, analyses were stratified by gender. The Statistical Package for Social Sciences for Windows, Rel.15.0.0. 2006 (SPSS Inc., IBM, Chicago, IL, USA) was used for analyses, and statistical significance was set at Po0.05.
Results
From the original cohort of 2868 live births, 1861 adolescents completed at least one aspect of the 14-year follow-up (age mean±s.d. 14.0±0.2 years, range 13.0-15.0 years). The remainder were lost to follow-up, withdrawn or temporarily deferred from the study (n ¼ 975), or deceased (n ¼ 32). Of the 1286 adolescents who agreed to complete the 3-day record, 962 returned their booklets, however, 103 were incomplete and 37 included at least 1 day that was not representative of their usual diet. No subjects were excluded for implausible energy intakes (defined as o3000 or 420 000 kJ per day). Another five subjects were excluded for use of medications that may influence BP, and three did not participate in BP assessment. This left a total of 814 adolescents (395 girls and 419 boys) with data available for analysis. Dietary intake, BP and anthropometric values for boys and girls are shown in Table 1 . Higher overall energy intake in boys contributed to significantly greater intakes for some nutrients, but this difference dissipated in the comparison of energy-adjusted values. For both boys and girls, consumption of fat contributed 32% of total energy intake. Girls had significantly lower systolic and mean arterial BPs, but boys were significantly taller and heavier. Energy adjusted fatty acid variables were not significantly different by gender. Subjects who completed the 3-day food record were more likely to have a lower BMI, older mothers or higher family income, compared with other adolescents in the follow-up who did not complete a food record. 20 Dietary intakes of DHA and linoleic acid (LA) were significantly correlated with corresponding RBC measures (r ¼ 0.2, Po0.01 and r ¼ 0.1, Po0.05, respectively), but associations were weaker than those reported in previous studies. 27 There were no significant correlations with other fatty acids of interest.
Characteristics of the study adolescents by quartile of energy adjusted PUFA intake showed systolic BP decreased in a step-wise manner with increasing quartile of intake (Table 2a) . Puberty, BMI, energy intake and family history of hypertension were significantly positively associated with BP (Table 2b) . Results from the multivariate linear regression analyses of systolic, diastolic and mean arterial BP (Tables 3a-c) showed significant inverse relationships between some fatty acids for boys. Higher intakes of total fat, total polyunsaturated, omega-3, EPA, omega-6 and linoleic fatty acids were associated with lower systolic BP, with long-chain omega-3 showing borderline significance. Higher intakes of long-chain omega-3, EPA and DHA were associated with both lower diastolic and mean arterial BP, and higher arachidonic acid was associated with lower diastolic BP. In girls, no significant associations were observed, although total omega-6 and linoleic acid showed a borderline positive association with diastolic BP. The fatty acid variables that made the greatest contribution to prediction of BP in the models were total PUFAs for systolic BP, and long-chain omega-3 for diastolic and mean arterial BP.
Discussion
PUFAs and BP The results of this study demonstrate that omega-3 fatty acids, particularly the long-chain fatty acids, are inversely associated with BP in adolescents and provide support for our hypothesis. Although the direction of effect was the same in boys and girls, significant associations were observed only in boys. We showed a significant inverse relationship between systolic BP and total fat in boys, which is most likely related to the stronger association between PUFA intake and BP. Although the confidence intervals were wide, EPA was the only fatty acid that was significantly associated with all three measures of BP: systolic, diastolic and mean arterial pressure. Unlike DHA and EPA, DPA was not significantly associated with BP measures in any of the models, however, the direction of effect was the same.
Our findings are supported by other crosssectional studies that show significant inverse associations between PUFAs and BP in predominantly freeliving/non-hypertensive adults, as summarised in a review by Hall. 4 We observed small correlations between PUFA intake and RBC fatty acids, and it is likely that the lipid composition of cell membranes is one aspect contributing to BP. 28 Other ways that PUFAs are likely to affect BP include alteration of eicosanoid synthesis, endothelial function, vascular reactivity and nitric oxide production. 28 In addition, different classes of PUFAs may exert more specific effects on BP through varying mechanisms. 5 Although both EPA and DHA showed independent inverse associations with measures of BP, we observed slightly stronger relationships with EPA than DHA in boys. Mori and Woodman 29 have reported that EPA and DHA have differing haemodynamic and anti-atherogenic properties. For example, increased EPA intake is associated with a reduction in wholeblood viscosity, 30 while DHA has been shown to improve vasodilator responses. 9 The effects of EPA and DHA on BP may also vary because of individual factors such as medication use. 29 The ratio of omega-6 to omega-3 fatty acids There were no significant associations between the ratio of omega-6 to omega-3 fatty acids and any measures of BP, and higher intakes of both omega-6 and omega-3 fatty acids were significantly and independently associated with lower systolic BP in boys. Although previous research in this area is limited, our findings are supported by a study of elderly subjects which demonstrated that both omega-3 and omega-6 supplements effectively lowered BP. 31 Similarly, a study of dyslipidaemic patients showed that dietary supplementation of either linoleic acid or a-linolenic acid both reduced BP measures, although the a-linolenic acid treatment produced significantly better results. 32 In addition, a cross-sectional study of healthy middle-aged men has shown an inverse association between serum omega-6 linoleic acid and BP. 33 In a systematic review of evidence on omega-6 fatty acids and cardiovascular disease, 14 Harris et al. concluded that consumption of at least 5-10% of energy from omega-6 PUFAs is likely to reduce the risk of coronary heart disease relative to lower intakes. Results from the Framingham Heart Study suggest that almost one-third of coronary heart disease events are attributable to high BP, after adjustment for other risk factors. a P values represent independent t-tests.
Fatty acids and blood pressure in adolescents
The significance of the omega-6 to omega-3 ratio remains equivocal because of conflict over the benefit of omega-6 (see refs 12, 14) ; some reports suggest a lower ratio is associated with a reduced risk of chronic disease, 8 and in the Raine Study of girls, we noted a positive association between omega-6 and diastolic BP. This theory is due in part to inflammation, which has been shown to be associated with increased BP, 35 as the long-chain omega-6 arachidonic acid is the substrate for the synthesis of pro-inflammatory and vasoconstrictor prostanoids.
14 Interestingly, our results showed a significant inverse association between arachidonic acid and diastolic BP in boys. This may be because of dietary omega-6 intake resulting in changes in eicosanoid production affecting aspects such as vasodilation. 36 Although a hypotensive influence of omega-6 fatty acids was suggested in early clinical studies, 37 this has not been confirmed in subsequent randomised controlled trials. 5 The significance of this correlation is therefore unclear, but may represent confounding by unidentified dietary or lifestyle associations.
Evidence suggests that changing dietary consumption of omega-6 over a wide range of intakes does not appear to significantly affect arachidonic acid levels in cell membranes or inflammation. 38 It has also been demonstrated that omega-6 fatty acids can have anti-inflammatory properties in vitro 39 and in vivo.
40
Lower omega-6 to omega-3 intakes may enhance formation of long-chain omega-3 by attenuating competition for the enzymes involved in the metabolism of both the short-chain omega-6 and -3 fatty acids. However, the conversion of short-chain to long-chain omega-3 is limited in humans, even without competition from omega-6 (see ref. 41 ).
Harris et al. suggest that decreasing the ratio by increasing omega-3 is beneficial, but decreasing the ratio by decreasing intake of omega-6 may not have the same effect. 14 The conclusion made by Harris et al., that higher intakes of omega-6 are likely to be more beneficial than lower intakes, supports our finding that BP is significantly inversely associated with omega-6 in boys.
Gender-specific associations with fatty acid intake We observed a gender difference in the relationship between fatty acid intake and BP, with significant associations in boys, but not girls. Other studies Fatty acids and blood pressure in adolescentshave noted possible gender differences with BP. Rates of hypertension are higher in men and postmenopausal women compared with premenopausal women, with vascular protective effects of the female sex hormones potentially contributing to these observations. 42 In rats, vascular contraction is similar between castrated and intact male rats, but significantly enhanced in females who have had ovaries removed compared with intact females, implying oestrogens rather than androgens affect BP. 42 Oestrogen has been shown to promote vasodilation both in human and animal models. 43 Taken together, this information suggests that hormones may have a role in modulation of BP.
In our study, the Raine adolescents were nearing the completion of puberty at the 14-year follow-up, with a mean Tanner stage of four out of a possible five. The steepest increment in testosterone levels in boys occurs between pubertal stages two and three, 44 and estradiol concentrations are highly correlated with Tanner stages in girls. 45 Hormonal differences at the 14-year follow-up may also help explain why our results were primarily significant in boys. Girls' higher oestrogen concentrations may negate the beneficial effects of dietary fatty acid. A randomised controlled trial of omega-3 fatty acid supplementation in children from infancy until 5 years of age did not result in significant improvements in BP at 46 suggesting that changes in BP due to fatty acid intake may only be evident from puberty. Thus, the impact of hormones from pubertal development may modulate the relationship between dietary fatty acids and BP during adolescence. BPs in girls were also substantially lower than boys in our study, with less statistical power to detect whether diet had an effect on BP.
Strengths and limitations
A strength of our study was the use of a comprehensive and updated fatty acid composition database. Although dietary assessment using 3-day food records has been shown to have good agreement between observed and reported dietary intakes in a younger population, 18 a potential limitation was that foods consumed on an occasional basis may not have been included, and this may have contributed to weaker than expected correlations with RBC fatty acids. Further, interpretation of our study results is limited by the cross-sectional design, and generalisation of our results requires care, as adolescents in our study were more likely to participate in the dietary assessment if they had lower BMIs, older mothers or higher family incomes. 20 
Conclusion
Our study suggests that increased dietary intake of both omega-3 and omega-6 PUFAs in adolescence, especially long-chain omega-3 fatty acids, may be beneficial in prevention of high BP, particularly for boys. In addition to the sources of long-chain omega-3 fatty acids of fish, seafood and meat, sunflower seeds, walnuts, brazil nuts and sunflower and canola oils are also good sources of shorter-chain omega-3 and omega-6 fatty acids. These fatty acids are essential in the diet, and although the conversion of short to long-chain omega-3 in the body is limited, increasing a-linoleic intake can increase the absolute amount of DHA synthesised. 47 In this Raine population group, the highest contributing food sources of omega-6 fatty acids were margarine, bread, poultry and vegetable oils; and for omega-3 fatty acids, they were dairy products (providing short-chain omega-3 a-linoleic acid), red meat (both long-chain omega-3 and a-linoleic acid), margarine (a-linoleic acid) and fish (long-chain omega-3). 20 Prominent epidemiologist Geoffrey Rose noted that a downward shift of the BP distribution in the population of only 2-3 mm Hg may equate to the benefits achieved by antihypertensive treatment. 48 Therefore, small changes in eating habits have the potential to result in large overall benefits on a population scale. Strong evidence for the tracking of BP from childhood to adulthood has been shown in studies of diverse population groups, 49 and BP in adolescence is linked to health outcomes later in life. On the basis of work by McCarron et al., 50 we calculate that a systolic BP reduction of 5 mm Hg in males aged 15-29 years decreases later cardiovascular disease mortality by 6.8%. In the present study, results showed systolic BP decreased on average by 4.7 mm Hg (95% CI À9.3 to À0.1) for a quarter gram increase in the long-chain omega-3 fatty acid EPA in the daily diet of adolescent boys.
To put this in perspective, a quarter gram of EPA daily is equivalent to two serves of Atlantic salmon per week (150 g serves), or two small cans of sardines per week (90 g cans). 51 In addition, the expanding range of foods fortified with long-chain omega-3 fatty acids means that nontraditional food sources can also contribute to overall intakes.
